Because DSM-IV cocaine dependence (CD) is heterogeneous, it is not an optimal phenotype to identify genetic variation contributing to risk for cocaine use and related behaviors (CRBs). We used a cluster analytic method to differentiate homogeneous, highly heritable subtypes of CRBs and to compare their utility with that of the DSM-IV CD as traits for genetic association analysis. Clinical features of CRBs and co-occurring disorders were obtained via a poly-diagnostic interview administered to 9,965 participants in genetic studies of substance dependence. A subsample of subjects (N ¼ 3,443) were genotyped for 1,350 single nucleotide polymorphisms (SNPs) selected from 130 candidate genes related to addiction. Cluster analysis of clinical features of the sample yielded five subgroups, two of which were characterized by heavy cocaine use and high heritability: a heavy cocaine use, infrequent intravenous injection group and an earlyonset, heavy cocaine use, high comorbidity group. The utility of these traits was compared with the CD diagnosis through association testing of 2,320 affected subjects and 480 cocaine-exposed controls. Analyses examined both single SNP (main) and SNP-SNP interaction (epistatic) effects, separately for African-Americans and European-Americans. The two derived subtypes showed more significant P values for 6 of 8 main effects and 7 of 8 epistatic effects. Variants in the CLOCK gene were significantly associated with the heavy cocaine use, infrequent intravenous injection group, but not with the DSM-IV diagnosis of CD. These results support the utility of subtypes based on CRBs to detect risk variants for cocaine addiction.
INTRODUCTION
Cocaine use is common in the United States. The National Survey on Drug Use and Health reported that in 2010 an estimated 0.6% of Americans aged 12 or older (i.e., one million people) used cocaine within the prior month [Substance Abuse and Mental Health Services Administration, 2011] . Cocaine dependence (CD) is associated with serious social, legal, medical, and psychiatric problems and thus represents a major public health problem in the United States.
Neuropsychiatric Genetics
Results from adoption, twin, and family studies demonstrate a substantial genetic contribution to the risk for CD, including factors both specific to CD and common to different forms of substance dependence [Tsuang et al., 1996 [Tsuang et al., , 1998 Kendler and Prescott, 1998; Gelernter et al., 2005a] . The heritability in a female twin population was estimated to be 0.39 for cocaine use and 0.65 for CD symptoms [Kendler and Prescott, 1998 ]. However, the genetics of CD are complex and there is substantial phenotypic variance in CD populations [Uhl et al., 1995; Gelernter et al., 2005b; Kranzler et al., 2008] . Thus, insights into the genetic etiology of CD are limited by both genetic heterogeneity and the complex clinical manifestations of the disorder [Kranzler et al., 2008; Roncero et al., 2012] . This suggests that the trait defined by the DSM-IV diagnosis of CD [American Psychiatric Association, 1994] , which is based on a syndromal model of the disorder, may not be well suited to the identification of specific genetic variants contributing to CD risk.
Empirical subtyping methods are based on theories that emphasize the multifaceted nature of substance dependence and related behaviors [Basu et al., 2004] . Multivariate cluster analysis has been used commonly to subtype substance dependence [Cardoso et al., 2006; Gelernter et al., 2006; Kuo et al., 2008; Chan et al., 2011] , including CD [Kranzler et al., 2008] . However, these approaches have focused exclusively on the cluster homogeneity of the clinical features, rather than aiming to optimize the heritability of the subtypes and enhance the potential to identify specific genes that contribute to subgroup membership.
In this study, we differentiated homogeneous, highly heritable clinical subtypes of CD to identify subtype-specific genetic variants. To accomplish this, we designed a multivariate clustering method using clinical features and symptoms of CD to assign cocaine-using subjects to subgroups. Using traits derived from the CD subgroups, we examined a panel of genetic variants for association, including both main effects and pairwise epistatic interactions.
MATERIALS AND METHODS Subjects
A total of 9,965 identically evaluated subjects were aggregated from family-based and case-control genetic studies of DSM-IV CD, opioid dependence (OD), and alcohol dependence (AD). Subjects were recruited at five sites: Yale University School of Medicine (N ¼ 4,450, 44.7%), University of Connecticut Health Center (N ¼ 3,698, 37.1%), University of Pennsylvania Perelman School of Medicine (N ¼ 968, 9.7%), Medical University of South Carolina (N ¼ 596, 6.0%), and McLean Hospital (N ¼ 253, 2.5%). Subjects with a clinical diagnosis of schizophrenia, bipolar disorder, or gross cognitive impairment were excluded. The institutional review board at each site approved the study protocol and informed consent forms. The National Institute on Drug Abuse and the National Institute on Alcohol Abuse and Alcoholism each provided a Certificate of Confidentiality to protect participants. Subjects were paid for their participation.
The sample included 2,379 subjects from 1,009 small nuclear families (SNFs) and 7,586 unrelated individuals. Of the families, 747 (74%) had !2 members with a lifetime DSM-IV diagnosis of CD. In addition to the proband in each of the SNFs, there were 1,160 siblings, 169 parents, and 41 other family members. Additionally, 4,575 subjects with CD and/or OD and 3,011 controls (screened to exclude those with a lifetime substance use disorder) from casecontrol studies were included in the analysis. Pedigree information was obtained for all families in the study.
The self-reported population distribution of the sample was 38.7% European-American (EA), 45.1% African-American (AA), 8% Hispanic, and 8.2% Native American, Pacific Islander or members of other minority groups. The majority of the sample (56.4%) was never married; 25.6% was widowed, separated, or divorced; and 18.0% was married. Few subjects (4.5%) completed grade school only; 28.8% had some high school, but no diploma; 25.5% completed high school only; and 41.2% received education beyond high school.
Assessments
Phenotypic information was obtained through administration of the Semi-Structured Assessment for Drug Dependence and Alcoholism (SSADDA), a computer-assisted interview comprised of 26 sections (including one for cocaine use and related behaviors) that yields lifetime DSM-IV diagnoses of substance use and Axis I psychiatric disorders, as well as antisocial personality disorder [Pierucci-Lagha et al., 2005 , 2007 . The test-retest and inter-rater reliabilities of the SSADDA DSM-IV diagnosis of CD were excellent, with k ¼ 0.92 and 0.83, respectively [Pierucci-Lagha et al., 2005] .
The four most common lifetime DSM-IV diagnoses in the sample were CD (60.6%; 3,540 men and 2,500 women), nicotine dependence (54%), AD (47.5%), and OD (32.4%). Major depressive episode (MDE) was the most common psychiatric disorder (15.5%), followed by posttraumatic stress disorder (PTSD) (13.3%), antisocial personality disorder (ASPD) (12.3%), and pathological gambling (7.9%).
Measures
The cocaine use and related behaviors section of the SSADDA contains 25 questions on age of onset, frequency, and intensity of cocaine use; route of cocaine administration; occurrence of psychosocial and medical consequences of cocaine use; attempts to quit cocaine use; and cocaine abuse treatment sought and received, resulting in 160 variables. In a previous study, in which we used a subset of the present sample, we identified 68 key questions (see Supplementary Tables SI and SII) in this section that performed well for subtyping cocaine use and related behaviors [Kranzler et al., 2008] . Those features were based on their clinical utility as discriminators of cocaine use behavior subtypes and were used here to generate subtypes of cocaine use and related behaviors. Demographics and other substance use and psychiatric variables obtained from the SSADDA interview and estimated heritability served to test the validity of the clusters.
The majority (53) of the 68 key variables were categorical, with four possible response categories: "yes," "no," "obligate no," and "missing." The SSADDA skipped out of the cocaine section when the respondent reported never having used cocaine more than 10 times (lifetime), and subsequent categorical items in the cocaine section were scored as "obligate no" and subsequent continuous items as "obligate missing;" these form their own categories in our analysis. About 1.1% of the data on the 68 key variables were missing for the 9,965 subjects. Thus, there were 312 possible categories for the 68 key variables.
Genotyping
DNA was extracted from immortalized cell lines, blood, or saliva. A total of 1,350 single nucleotide polymorphisms (SNPs) selected from 130 candidate genes and 186 ancestry informative markers (AIMs) were genotyped using the Illumina GoldenGate Assay platform (Illumina, Inc., San Diego, CA) for 3,443 subjects, a subset of the aggregate sample used in the phenotypic analysis. The AIMs were used to assign ancestry coefficients and thereby identify each subject's primary ancestry. As described previously, the 130 candidate genes were selected on the basis of their roles in functional domains important in the addictions and in the commonly cooccurring phenotypes of anxiety and depressive disorders [Hodgkinson et al., 2008] .
Phenotypic Cluster Analysis
Our phenotypic analysis consisted of three consecutive components: data reduction, cluster analysis, and heritability estimation. As described in detail in Supplementary Materials, data on the 68 key clinical variables from 9,965 subjects were analyzed to derive subtypes of cocaine use and related behaviors. Briefly, we used multiple correspondence analysis (MCA) [Abdi and Valentin, 2007; Murtagh, 2007; LeRoux and Rouanet, 2009 ], a non-parametric method, to reduce the large number of variables to a limited number of dimensions. Cluster analysis was used to group similar subjects together based on the retained dimensions to create clusters of subjects. To estimate the heritability of each of the clusters, logistic regression was used to compute the likelihood of each subject's membership in the cluster. Together with pedigree information, the log likelihood values for 9,436 EAs and AAs, including 2,268 individuals from 957 multi-member families, were analyzed using the Sequential Oligogenic Linkage Analysis Routines (SOLAR) program [Almasy and Blangero, 1998 ] to estimate the heritability of the cluster-derived trait, with sex, age and race as covariates.
We identified five mutually exclusive clusters. As shown in Table I , the groups differed significantly on age, sex, race, education, and marital status. Specifically, Groups 2-5 (the cocaine use clusters) included significantly more men than women and were less educated than Group 1 (the "non-cocaine use group"). Group 5 had the lowest level of education and the fewest married members and included a significantly higher proportion of EAs than Groups 2-4. Groups 3 and 4 included a significantly higher proportion of AAs than the other three groups.
Based on the clusters' lifetime prevalence of substance use and psychiatric disorders (Table II) and cocaine-related features (Table III) , we named Group 2 the "moderate cocaine use group," Group 3 the "late-onset heavy cocaine use group," Group 4 the "heavy cocaine use, infrequent intravenous injection group," and Group 5 the "early-onset, heavy cocaine use, high comorbidity group."
Group 1 was the largest, consisting of 3,370 subjects (56.5% women), none of whom had a diagnosis of CD. Group 1 had a mean of 3.8 (SD ¼ 3.1) reported lifetime episodes of cocaine use and the lowest prevalence of all other substance dependence and psychiatric disorders (except ASPD, which was slightly lower in Group 3). The estimated heritability of the non-cocaine use group was 0.41 (SE ¼ 0.06). Group 2, comprised of 1,241 subjects, had a significantly lower rate of CD (62.1%) and was less likely to have comorbid dependence on nicotine, alcohol, sedatives, or stimulants and psychiatric disorders (except ASPD) than groups 3-5. Of the cocaine-use groups, Group 2 had the lowest percentage of individuals reporting daily or almost daily cocaine use, negative effects due to cocaine use, and a history of cocaine treatment, but a higher rate of intravenous cocaine injection (31.3%) than Groups 3 (24.4%) or 4 (3.9%). Group 2 had the highest estimated heritability (0.69, SE ¼ 0.05). Groups 3-5 were heavy cocaine use groups. Of these, Group 3, the late-onset group, was the smallest (N ¼ 180) and had the lowest rate of CD (86.7%), percentage of subjects with negative cocainerelated effects, and likelihood of cocaine treatment. This group had a significantly older mean age of first cocaine use (36.5 years, SD ¼ 11.8) and heaviest cocaine use (45.1 years, SD ¼ 5) than Groups 4 and 5. The heritability of Group 3 was only 0.07 (SE ¼ 0.06), likely in part due to the small sample size. Group 4 was the largest cocaine use group, comprising 3,258 subjects, 98.4% of whom were diagnosed with CD. This group had a rate of intravenous cocaine injection that was much lower than all of the other cocaine use groups. The percentages of subjects in Group 4 that experienced negative effects due to cocaine use and that received treatment were intermediate between Groups 3 and 5. The heritability of Group 4 was 0.66 (SE ¼ 0.05). The 1,916 subjects in Group 5, the early-onset, heavy cocaine use, high comorbidity group, had the highest prevalence of substance dependence and psychiatric disorders. This group reported the earliest onset of cocaine use (17.9 years, SD ¼ 4.3) and of heaviest use (25.8 years, SD ¼ 8.4), and endorsed a high rate of adverse effects of cocaine use (Table III) . The heritability of Group 5 was 0.64 (SE ¼ 0.05). Because of the high prevalence of CD, Groups 4 and 5 were chosen as the most clinically informative subtypes of CD and were compared with DSM-IV CD as traits for association analysis. 
Genetic Association Analysis
Of the 3,443 subjects genotyped, 612 were never exposed to cocaine. These individuals were classified as "unknown" rather than "unaffected" and were removed from subsequent analyses. To correct possibly unreliable self-reported sex, we calculated the chromosome X heterozygosity for each subject and removed 31 subjects: 14 self-reported males with heterozygosity of more than 20% and 17 self-reported females with heterozygosity of less than 20%. Race was classified using STRUCTURE v2.3 [Pritchard et al., 2000] and AIMs, which stratified the remaining 2,800 subjects into two population groups: AAs and EAs. Of the 1,478 AAs, 93.78% had AA as their self-reported race. Of the 1,322 EAs, 89.71% had EA as their self-reported race. The sample included 253 self-reported Hispanics, among whom 82 reported AA origin (43 were in the African ancestry and 39 in the European ancestry clusters) and 171 reported EA origin (168 were in the European ancestry and 3 in the African ancestry clusters). We excluded other population groups from the association analysis. Association tests for AA and EA population groups were performed separately. Principal components analysis (PCA) was performed on the 186 AIMs for each population. The first PCA dimension was used in the subsequent association tests as a covariate to correct for the residual population structure. SNPs for which data were available for less than 95% of the subjects, or for which the P value for Hardy-Weinberg equilibrium was less than 10
À7
, were excluded from further analysis. The minor allele frequency (MAF) of each SNP was calculated within each population in each association test for different traits. SNPs with MAF < 5% in a population were removed from the association tests for the trait in that population.
Association testing was performed for three traits: DSM-IV CD and the two heavy cocaine-use subtypes to identify SNPs that exerted a significant main effect or that, in pair-wise combinations, exerted a joint (epistatic) effect on the traits. GEE logistic regression was used in main effects tests to correct for correlations among related individuals in families. All SNP pairs were tested for association in epistatic analyses. We compared the findings of pair-wise joint effects detected using three methods: GEE logistic regression [SAS Institute, Inc., 2008] , regular logistic regression [Purcell et al., 2007] and a bioinformatics method called BOOST [Wan et al., 2010] . For each SNP pair, BOOST estimates two logistic models: one uses the two SNPs as covariates; the other uses the two SNPs and their cross-product as covariates. An upper bound is calculated to approximate the ratio of the two logistic models, which aims to assess the additional effect that the cross-product contributes. The bound has been shown to be tight, and most nonsignificant interactions can be pruned. In all three models, age, sex and the first PCA dimension calculated from the AIMs were included as covariates. Permutation tests were performed to identify empirical thresholds to correct the P-value for multiple tests of main effects. Parallelized permutation tests were developed and conducted using a high performance computing facility with 120 processors to identify empirical thresholds and avoid inflating the P-value for epistatic effects.
RESULTS
Removing the controls never exposed to cocaine from the genotyped subsample left 480 controls (187 AAs and 293 EAs). After data cleaning, there were 2,320 cases with a lifetime DSM-IV diagnosis of CD (1,291 AAs and 1,029 EAs). Of these, 779 AAs and 390 EAs were in Group 4 and 259 AAs and 436 EAs were in Group 5. Cases with data on all three phenotypes (DSM-IV CD, Groups 4 or 5) were tested separately for association against the same control samples, separately for AAs and EAs. SNPs were processed using the quality control steps for each individual case-control comparison, resulting in different numbers tested for association. Table IV describes the subjects and SNPs used in the association analyses. Table V lists the SNPs that were associated with any of the three traits at P < 5EÀ04. Two statistically significant variants were identified in AAs. HTR2C (rs5988072) was associated with both DSM-IV CD (P adj ¼ 8.89EÀ03, Bonferroni corrected) and the early-onset, heavy cocaine use, high comorbidity group (Group 5) (P adj ¼ 4.99EÀ02, corrected by 1,000 permutation tests). A variant in CLOCK (rs11939815, P adj ¼ 4.27EÀ02) was significantly associated with the heavy cocaine use, infrequent intravenous injection subtype (Group 4). Several genes contained nominally significant variants (P < 5EÀ04), but none were significant using permutation to adjust for multiple comparisons. In AAs, these included ALDH1A1 (rs11143429, P ¼ 3.35EÀ04), which was associated with DSM-IV CD; CLOCK (3 SNPs: rs3805155, P ¼ 1.11 EÀ04; rs13116194, P ¼ 2.11EÀ04; rs6850524, P ¼ 2.01EÀ04) and GLRA1 (rs991738, P ¼ 3.02EÀ04), which were associated with Group 4. In EAs, there was also a nominal association of a variant in SLC18A2 (rs363256, P ¼ 2.27EÀ04) with this subtype. A variant in OXT (rs3761248, P ¼ 3.04EÀ04) was nominally associated with Group 5 in AAs. Except for the findings related to HTR2C and ALDH1A1, the P values for all other variants listed in Table V were smaller for the derived subtypes than for DSM-IV CD. Based on the association in AAs of one of the SNPs in the CLOCK gene with membership in Group 4, we examined the linkage disequilibrium (LD) structure of the 9 genotyped CLOCK SNPs in the 1,478 AAs for which genotypes were available. These SNPs spanned 71,151 bp on chromosome 4. Figure 1 shows the LD relationships of the nine SNPs analyzed using Haploview 4.1 software. Rs119398115, the SNP that was significantly associated with membership in Group 4, had very high D 0 (normalized LD) with respect to two of the nominally significant SNPs from the CLOCK gene: rs6850524 and rs13116194, which were also in high LD with one another.
Main Effects

Pairwise Epistatic Effects
As shown in Table VI , after Bonferroni correction, no SNP pair was significantly associated with any of the traits in either AAs or EAs. However, this conservative correction does not account for the correlation between SNP pairs, and likely resulted in an inflation of type II error. In permutation tests to determine an empirical significance threshold, >10 6 pairs were tested for each randomly permuted phenotype based on the case-control ratios for the three traits: DSM-IV CD, Groups 4 and 5. We parallelized the standard permutation approach based on logistic regression (i.e., using PLINK) and distributed the process to 120 processors to identify empirical thresholds for significance. Table VI lists the SNP pairs with P gee < 1EÀ05 (GEE), P lr < 1EÀ05 (logistic regression using PLINK [Purcell, 2009] ), or P boost < 1EÀ04 (BOOST) for at least one of the traits, which identifies candidates for possible subsequent validation. Five SNP pairs were identified in AAs, including one that was strongly associated with DSM-IV CD and Group 4 (heavy cocaine use with infrequent intravenous injection), one associated The smallest P-value obtained among the three traits. c Significant at P < 0.05 after correction for multiple tests by permutation (empirical threshold P < 5.9EÀ05). only with Group 4 and three that were associated with Group 5 (early-onset, heavy cocaine use, high comorbidity). The association of a SNP pair comprised of one variant each from GRM1 and OPRM1 with Group 5 was nominally significant (P ¼ 7.6EÀ06), but exceeded the empirical threshold (P < 7.6EÀ07). Three pairs showed nominal significance in EAs as well, including two with Group 4 and one with Group 5. No SNP pairs were nominally associated with the DSM-IV diagnosis of CD. A SNP pair with variants from CRHR2 and BDNF was nominally significant for Group 4 after multiple test correction (P ¼ 3.5EÀ06), but it also exceeded the empirical threshold (P < 1.6EÀ6). Despite the fact that none of the results reached statistical significance when corrected for multiple comparisons, the findings in Table VI show that the two derived subtypes provide more statistical power for association analysis than the DSM-IV diagnosis of CD.
DISCUSSION
We compared the utility of three traits-a DSM-IV CD diagnosis and two highly heritable subtypes based on cocaine use and related behaviors-for association analysis of 130 candidate genes related to addictions in two American populations. We obtained the most significant findings in the AA population, where two SNPs exceeded the empirical significance threshold for a main effect after correction for multiple comparisons. Rs5988072 (in HTR2C) was significantly associated with both the CD diagnosis and the CD subtype of early-onset and heavy cocaine use, with high comorbidity. Rs11939815 (in CLOCK) was associated only with the CD subtype of heavy cocaine use with infrequent intravenous injection. Because cocaine can increase the level of serotonin in the synapse by blocking reuptake via the serotonin transporter [Cami and Farre, 2003 ], genetic variants involved in the serotonergic system are candidates for CD risk [Saxon et al., 2005] . The 5-HT2C receptor, encoded by HTR2C, modulates the discriminative stimulus effects of cocaine [Callahan and Cunningham, 1995; Frankel and Cunningham, 2004] . Our finding of an association of HTR2C with both DSM-IV CD and one of the two subtypes we examined is, to our knowledge, the first report of such an association. The finding is consistent with the pharmacology of cocaine and, if replicated, points to differences in the pathophysiology of CD and AD, as studies of HTR2C have failed to show an association with AD [Herman and Balogh, 2012] .
In addition, we found that CLOCK variation was associated with the CD subtype characterized by heavy cocaine use with infrequent intravenous injection. Because the finding was limited to that CD subtype, if replicated, it confirms the important role of phenotype refinement through multivariate cluster analysis in the identification of genetic factors for CD [Gelernter et al., 2005b; Kranzler et al., 2008; Sun et al., 2012] . The phenotypic heterogeneity in CD may partially explain why there has been no significant replicated association implicating circadian system regulation of cocaine sensitization and the reward system in animal models [Andretic et al., 1999; Abarca et al., 2002; Yuferov et al., 2005; Perreau-Lenz et al., 2007] . Of specific interest in this regard is the finding of increased cocaine reward and excitability of midbrain dopamine neurons in mice lacking a functional CLOCK gene [McClung et al., 2005] . In addition to the SNP in 
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the CLOCK gene that reached significance (Table V) , three other CLOCK variants were strongly associated with the CD subtype of heavy cocaine use with infrequent intravenous injection (Table V) , consistent with a contribution of CLOCK variation to CD risk. Our previous association study of a CLOCK variant with DSM-IV CD in a smaller sample was negative [Malison et al., 2006] . As a complex disorder, CD, like other forms of substance dependence, is the product of both environmental and genetic risk factors. Its genetic determinants likely include interactions among multiple neurochemical systems, including those involving dopamine, GABA, endogenous opioid, endogenous cannabinoid, and serotonin [Saxon et al., 2005] . Variability in these interactions due to genetic effects is a possible source of vulnerability to CD. We found several pairs of variants that approached significance for an association with CD and the two subtypes. An interaction between the genes encoding the beta 1 and beta 3 subunits of the GABA-A receptor was present in both AAs and EAs. Because GABA interneurons synapse on dopamine neurons to inhibit dopamine release, variation in the expression or function of GABA-A receptor subunits could alter the rewarding effects of cocaine [Spanagel and Weiss, 1999] . In AAs, the interaction of variants in DDC and GABRG3 also approached significance for an association with the CD subtype of heavy cocaine use with infrequent intravenous injection, which could affect the dopamine-mediated reward produced by cocaine, both directly (through dopamine metabolism) and indirectly (through GABA interneurons).
In the present study, we employed a cluster analytic approach to derive subtypes of cocaine use and related behaviors that were more homogeneous than the group defined by DSM diagnosis in terms of their clinical features, including frequency and intensity of cocaine use, cocaine withdrawal symptoms, cocaine-related adverse effects and treatment history. We hypothesized that the subtypes would be superior to DSM-IV CD as traits for variant detection. Our association analysis provided support for the hypothesis. The association results with the two derived subtypes showed more significant P values for six of eight SNPs in the analysis of main effects (Table V) and seven of eight SNP pairs of epistatic effects (Table VI) . Moreover, one variant, rs11939815 in CLOCK, was significantly associated only with Group 4 in AAs. An advantage of the subtyping approach to trait definition was also evident in the pair-wise epistatic effect tests, in which the most significant results were for variants associated with either of the two derived subtypes for all SNP pairs except rs4591574 and rs8041610.
The cluster analysis approach employed in the current study was refined from the one used in Kranzler et al. [2008] , from which it differs in three major respects. First, in contrast to the approach used in Kranzler et al., the clustering process in the current analysis consisted of two layers of a cascaded process, as depicted in the supplemental material. This allowed us to identify subtypes that are both homogeneous and highly heritable. Second, in Kranzler et al., k-means cluster analysis was used to generate intermediate clusters. This method is an iterative procedure that is initialized with randomly chosen cluster centers. It is sensitive to outliers, with different initialization known to yield different clusters. In the present study, we used smart k-medoids cluster analysis, which is more robust to variation in the sample distribution. The supplementary material contains additional information about the cluster approach that we used in the present study. Third, the sample used here is much larger than the 1,393 subjects in Kranzler et al. and it yielded larger and more clearly differentiated clusters. Kranzler et al. found 6 clusters, each of which contained 42-350 subjects. The first three were heavy cocaine user groups, but all six clusters (including the low-cocaine-use group) contained subjects with a diagnosis of CD. In contrast, the present analysis yielded a non-cocaine-user group in which no one had a diagnosis of CD. Subjects in Cluster 1 of Kranzler et al. (N ¼ 336) were included in our Cluster 4 (N ¼ 3,258 subjects), which was the largest user group. Subjects in Cluster 2 (N ¼ 303) of Kranzler et al. were included in Cluster 5 in the current study, which contained 1,916 subjects. Cluster 3 in Kranzler et al. was split into Clusters 3, 4, and 5 in the current study. Thus, we believe that the larger sample and more sophisticated methodology in the present study yielded more homogeneous clusters, which are more useful for association analysis.
The study is limited by the lack of suitable samples for independent replication to validate these findings. The scoring functions for each of the two subtypes, which use cocaine use and related behaviors to yield a probabilistic membership score for each subject in each cluster, are available from the first author upon request to allow other investigators to use the Supplementary Material to attempt to replicate our findings for Groups 4 and 5. The permutation tests required to estimate empirically the significance threshold for type I error for the tests of epistatic effects were very computationally intensive. Advances in statistical methods are required to address this problem, which is often encountered in the examination of higher-order interactions.
